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Abstract

The fringes observed in repeat pass interfcrogramsarc expressions of surface relief and rela-
tive displacements. Thelimiting condition in the application of spaccborne radar interferom-
ctry to the remote sensing of thesea ice cover is the the large magnitude of motion between
repeat passes. The translation and rotation of ice flocs tend to decorrelate the observations
rendering radar interfcrometry ineflective. In our study, we have located three images in
the high Arctic during a period when there was negligible motion between repeat observa-
tions. The fringes obtained from these images show a wecalth of information about the sca
icc cover which is important in atmosphere-ice inter actions and sca ice mechanics. These
mecasurcments provide the first detailed remote sensing view of the seaice cover. Ridges
canbe observed and their heights estimated if the interferometric baseline allows. We have
observed ridges with heights greater than 4m. The variability in the phase measurements
over an area provides anindication of the large scale roughness. Relative centimetric dis-
placements between rigid ice floes have been observed. We illustrate these observations with

examples cxtracted from the interferograms formed from this set of 1l - 1 SAR images.




1 Introduction

Repeat-pass radar interferometry provides the capability to observe the surface relief and
centimetric displacements of the surface of interest. In seaice,one of the parameters which
affect the coupling of the atmosphere to the ice surface is the roughmness of the surface at
different scales [overland, 1985]. In particular, with large widely- spaced pressure ridges in
the central Arctic, the roughness is also locally anisotropicduc to the height, length and
density of these ridges as w c]] as thcorientation of these structures relative to the wind
direction. A previous study by Burns[l 990] to relate Synthctic Aperture Radar (SAR)
backscaticr statistics to the atmospheric drag over sca ice indicated that the ridge areas
in the pack icc necds to be quantified in terms of ridge frequency and ridge heights to be
useful for indicating areas of different- drag cocilicients. Although the radar backscatter is
sensitive to the presense of ridges, there is no model to relate the intensity to ridge height
or ridge density. We demonstrate that radar interferometry has the potential to provide
direct observations the surface roughness statistics at the scale of the sensor resolution and
structural description (e.g. orientation, frequency, height ctc.) of ridges that arc greater than

resolution clements of the radar. Surface topography is also correlated to bottom roughness.

An additional observation obtainable from repeat pass radar interferometry is centimetric
(vertical or horizontal) relative displacementsof the sca ice. These displacements could be
duc to thermal cracks, tilts of ice surface, converging o1 diverging floes, We provide an exam-
ple to illustrate the displacement of an icc floe as observed by radarinterferometry. However,
the physicalinterpretations of these observations are generally more difficult becausc of the
lack of in-situ mecasurements at these scales and the ambiguitics of the interferometric mea-
surements. in this paper, we focus on the some of the issues associated with repeat-pass
interferometry over sea icc and some of the interesting results obtained using the datasct

described herein,




2 Repeat-Pass Radar Interferometry

The coordinate system and geometry for repeat-pass interferometry is depicted in Fig. 1.
For a given set of repeat observations, from the:th and jth epochs, with baseline B;; and
look angle 0,the phase difference or interferometric phase at cach sample is [Zcbker et al.,
1994],

Ady; = 2kBij sin(0 - aij) (1)

where « is the tilt of the baseline with respect to the horizontal and £ is the wavenumber of
theradar. The phase convention wc use here in complex notation is ¢=74% and wc omit the
negative sign in our equations. ‘I’he differcnce in the slant range path length (|7 | —[7;()is
approxiinated by I3, 7 This term contains phase contributions from the orientation of the
Isarth surf rface relative to the interferometric baseline. If the surface scatterers are displaced
between observations then the observed phase will include a contribution of 2kd -7 duc this

displacement [Massonnet et al., 1993], or
A¢i; = 2kD3;; Sin(o — (Xij) + 2kAp (2)
Here, we write d-7 as Ap. This additional term isindependent of the spatial baseline.

The baselines are usually decomposed into a compoiient which is perpendicular to the line
of sight orrange direction (/3 =13 cos(0 — «)) and a component which is parallel to this
direction (/3= 13sin(0 — a)). The sensitivity of the interferometer to surface relicf is depen-
dent only on the magnitude of the perpendicular scparation. |1l repeat-pass interferometry,
the baseline is defined by the physical separation in the observation locations. For sea ice,
however, an additional component of baseline is int1 educed by iccimotion in the range di-
rect ion. We note here that interferometry is possible only if th is eflective baseline due to
orbit separation and ice motion is less than this critical baseclinesuch that coherence of the
radar cchoes is maintained. Additionally, the diflercntial rotation and the surface changes
of thesca ice cover have to be small [Zebker and Villascnor, 1 992]. Yor RS- 1, complete

decorrclation results when the baseline is greater than approximately 1 km and the rotation




angle is greater than 0.7°. These constraints limit the routine observations of the sca ice

cover with repeat pass interferometry.

3 Data Analysis

Three KRS-1SAR images of sca ice, with observation intervals of 3-days, from January of
1992 were used in this analysis. Thesc images were located ofl the Queen EKlizabeth Islands
at approximately 128.78°}, and 80.140N, We seclected this time period and this area for two
reasons. During this time period, there was negligible ice rnotion in this area as indicated
by the 3-day icc motion record derived by an image- basedice motion tracker operated at
the Alaska SAR Facility [Kwok et al., 1991 ]. Thisregion is also interesting because of
the ridge density and ridge height [ Wadhams,1981]; an arca of intense ridging due to the
convergence of ice causing extensive deformation of the icc cover. This is to ensure that

the critical baseline is not cxcecded and that the int erferometer is sensitive to the surface

features available in the datasct.

We forined the interferograms using a technique described in Gabriel and Goldstein [1 988].
Becausce there is negligible large scale relief on the sca icc surface, we estimate the eflective
baseline of the interferometer by assuming that wc are observing a locally spherical surface
of the Karth. A phase function due to this spherica surface was then removed such that the
surface relief and displacements are emphasized. We estimate the effective interferometric
baseline between the first and second repeat observations, I3;2,10 bc 47 m. H23 and B3
were 297 m and 342 M, respectivel y. They vary slightly along track. ‘I’he first and third

observations arc separated by six days.

Toillustrate the features in the interferograms that arc close to the resolution of the sensor,
wc focus on a 3 km x 4 km area (Fig. 2). The pixels sizes arc 7.9 m in range and 4 m
in azimuth, Figures 3 and 4 are the interferograms derived fromthe SAR datasets. The

interferogram from the first and second observations is not shown or discussed here because
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the interferometric baseline is not sensitive to the expected surface relief or height of ridges

(typically less than 10 m).

4 Interpretation and Discussion

Fachinterferogram shows the phase shift at each pixel relative to thereference image. in our
color coding scheme,a w phase shift is represented by a cycle of the color wheel (increasing
in the direction from yellow-rcxl-blue-green-ycllow). T'he observed phasc consists of contri-
butions from the varying surface relief on the ice cover as wellasthe range component of
the surface displacement during the repecal observation interval. As noted above, the fringe
patterns duc to topography arc sensitive to thethe baseline of the interferometer whereas
thosc due to range displacements arc not. For a typical ERS- 1 baseline of say 80m, the
sensitivity to topography is approximately 32 m/radian. The sensitivity to displacement is
higher.Half a wavelength of range displacement (2.8 cmfor RS- 1 radar wavelength of 5.6
cm) produces a phase shift of 27r. If wc assume no surface relief (or zero baseline), each

fringe can be converted to a horizontal or vertical displacement.
Surface Relief

Of the two repeat pass interferometers, the one with the longer baseline ([33) provides a
sensitivity of approximately 8.6 m/radian whereas the shorter baseline one (1323) provides a
sensitivity of approximately 9.7 m/radian at the center of the image. Identical features can
be found on bothinterferograms. Wc first discuss the surface relief on the ice floes where the
arrows ident ify some of the common features on both interferograms. These features are most
likely due to ridges on the icc cover. Wc note here that these fcatures are difficult to identify
in the SAR intensity image data. The higher color contrast of these features in IMig. 3 is due
tothe longer baseline of the interferometer. The average heights of these three ridges can be
calculated by estimating the phase difference betweenthe peak (orallge-red) of onc of these

features to arcference surface (light-blue - Fig. 3). We cstimatc a phase of approximately
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0.75 radians giving a average pcak height of 6.5m. With the same procedure, wc estimate an
average peak height of 5.9 m of the same ridges from interferograin. The most like] y cause
of the discrepancy is duc to the errors in the estimation of thcbasclines and phase noise
of the interferometer. The peak clevation of these ridges are not unrcasonable [Wadhams,
1981 ] although they should have a relatively low frequency of occurrence. In addition to the
ridge heights, a number of other parameters to characterize the surface could be computed
from the data. It seems that some structural description of ridges could be constructed
(ridge height, ridge density and ridge orientation) although some of these parametiers could
be limited by the resolution and sensitivity of this particular radar and interferometer. A
statistical description of the surface roughness at the spatial scales of the resolution element
could be also computed. Figure 5 shows the interfcrometric phase distribution of the a
150x1 50 pixel area (fairly rough) around the top arrow. The distributions are centered at
7 /2. As cxpected, the standard deviations of the phase agree to a scale factor which is
the ratio of thesensitivily of the interferometers. Conversion to height gives a standard
deviation of approximately 1.95 m, which seems high. But we point out here that the phase
noise of the interferometer in this case would give anuncertainty of 1.5 m comparable to
that of this quantity. increasing the number of samplesto cstimate the mean phase would

reduce the noise contribution but at the expense of spatial resolution.

Wec briefly note here that the surface relief floe on the 1ightside (of I'ig. 4) is fairly moderate
compared to the floe where the arrows arc located and also that thercare ridges defining

the boundaries of floes.
Displacements

W c direct the reader’s attention to the red ice floe inl'ig. 3 andthe same floe in Fig. 4.
in Fig. 3, there is an average phasc bias relative to thesurrounding ice floes whereas this
phase difference was not observed in Fig. 4. It is unlikely that this is due to surface relief
because theice floe would have to be meters above or below the adjacent floes to introduce

this magnitude of phase diflerence. However, a vertical or horizontal displacement of the floe



between observations could easily introduce such an cifect because of the interferometer’s
sensitivity to displacements. This phase difference indicates a line of sight displacement of
the order of half a centimeter which translates into a possible vertical displacement of 0.46
cm or a horizontal displacement of 0.2 cm. ‘I'he sign of the displacement is ambiguous and
wc cannol resolve the direction of motion because we are observing only the projection of the
3-dimensional displacement vector into the radar look direction. Since wc observe a fairly
flat phase field other than those ducto surface relief (in Fig. 4), this movement of the sea icc
occurred between the first and second observations and not between the second and third
observations. Wc do not speculate on the physical cause of the displacement, suffice it is to
point out that the interferometric measurements do indicate the existence of such phenomena
in the scaice and that radar interferometry could be used to micasure small movements of
sca ice. These movements could be duc to small scale ridging, thermal or mechanical cracks,

tilts of the icc surface or just response of the individual floes to occan forcing.

S Summary

Satellite radar interferometry offers the potential to map the scaice cover in terms of surface
topography and centimetric displacements. The observations presented here have provided
the first detailed remote sensing view of the sca ice cover. Sca ice motion constrains the use
of repeat-pass radar interferometry if the motion is large compared to the critical baseline
of theinterferomneter. Additionally, the sensitivity of the interferometer needs to be high
becausc of the scale of the surface relief. Interferometric observations of sea icc is therefore
more suited to thcJNRS- 1 and KRS-2 tandem phase type mission where the repeat interval
is shorter. Cerlainly, if an operational interferometric mission were to be launched, the

potential of detailed mapping of the sca icc cover should be considered.
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Figure Captions

Iigure 1, Interferometer imaging configuration. A baseline, I3, is created between theith
and jih repeat observations of the same ground area, At an alinost identical look angle of
0, the differential range toa point on the ground is given by the intcrferometric phase. « is

the tilt of the baseline relative to the horizontal.

Iigure 2. XRS-1SAR image of scaice off the Queen Elizabeth Islands. (Location:128.78°k,
80.14°N) (©1SA 1994).

Figure 3. Interferogram formed from thefirst and third observations. Arrows identify some

of the features whicharc common {o both interferograms.
Figure 4. Interferogram formed from the second and third observations.

Figure 5. Interferometric phase distribution of an area (1 50x1 50 pixels) around arrow number

1, (@ PD¥ from the interferogram in Fig. 3. (b) PDI' from the interferogramin Fig. 4.
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